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ABSTHACT 
This paper describes the relationships of inlet velocity 
distribution, incipient cavitation and suction ped(mnance of 
centrifugal pumps. It also discusses, in particular, the aspects 
of cavitation as related to inlet reverse flow (internal recircula­
tion). 
There arc many ways of improving the suction perl{mn­
ance of centrifugal pumps. Enlarging the inlet diameter or 
inlet angle are two of the most eonnnonly used methods. 
However, this may increase the capacity at which inlet reverse 
flow begins. Inlet reverse flow normally starts to occur at about 
half of the shoek-fi·cc inlet capacity, and this has no relation to 
the best efficiency flow. 
Pump total head begins to drop only during advanced 
cavitation, especially at partial flow operation. \Vhen the im­
peller is designed with a large inlet angle to improve suction 
perfiJrmanee, there is a possibility of increasing the capacity 
where inlet reverse flow occurs, which may even be at the best 
efficiency point. 
There are still other ways of improving suction perform­
ance without increasing the capacity at which inlet reverse flow 
occurs, e.g. reducing the number of blades, sharpening inlet 
edges, etc., and these are also referred to in this paper. 
INTHODUCTION 
Cavitation in a centrifugal pump is caused by vaporization 
of water flowing on the impeller blades and easing surfaces; 
however, the extent and location of its occurrence depends not 
onlv on NPSH, but also on flow rate . . 
The development of cavitation does not directly cause a 
reduction of pump head and there are significant differences 
between incipient cavitation and critical NPSH values; i.e., the 
point at which head reduction occurs. This difference increases 
as flow is decreased. 
When inlet reverse flow (internal recirculation) occurs 
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during reduced capacity operation, the inlet flow pattern and 
cavitation develop very abnormal c;haracteristies. Cavitation 
then sometimes gives rise to severe pressure pulsation and 
vibration, and in such cases, the initial inlet recirculation flow, 
denoted hereafter by Qr, is sometimes defined as the 
minimum continuous flow. In addition, some impellers show 
lower noise and vibration levels while operating with inlet 
recirculation in comparison with operation at normal flow. 
This paper describes the velocity distribntion at the im­
peller inlet, cavitation and its effect on pump petfonnanee. 
Emphasis is placed on these phenomena in relation to high 
suction perKmnanec pumps. 
VELOCITY DISTHIBUTION AT 
IMPELLEH INLET 
The inlet flow of end-suction type impeller has no prerota­
tion, and theref()rc, the velocity at every point is completely 
proportional to the flow rate when operating above the flow 
rate Qr. 
Figure l shows the velocity distributions measured at an 
axial .flow impeller [I], where: 
. 
<Pdm Vdm/U, 
<j), V/Ut 
x, Vu/U, 
V5 and Vu,: meridional and peripheral components of inlet 
velocity 
Vc�m: mean meridional velocity at impeller outlet 
U1: impeller tip speed 
R: radius ratio to impeller tip. 
As seen in the figure, inlet reverse flow occurs at 
<Pdm <0.11. It returns with a strong rotation and the velocity of 
incoming flow ncar the hub is boosted to almost normal 
velocity. This causes the incidence angle of the incoming flow 
on the blade to increase with decreasing flow rate at <Pclm <0.11. 
However, the reverse flow can cause the incidence angle at 
radii near the hub to approach zero or become negative for 
<Pdm <0.11, as sho\vn in Figure 2. 
The inlet reverse flow begins to occur at the inlet critical 
flow rate Qr, which is dependent on the inlet blade angle. 
Figure 3 [2] shows inlet meridional velocities for various blade 
angles (f3) measured at two different radii, i.e., R = 0.48 and 
l. 06. When operating above the critical flow rate, it is clearly 
shown that the meridional velocity completely changes in 
proportion to the flow rate. Below the critical flow rate, the 
velocity near the hub increases to its normal value and remains 
constant. An interesting contrast is the reduction of the veloci­
ty near the blade tip as the flow rate decreases. The critical 
flow rate is less for a smaller blade angle although it is 
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Figure 1 . Velocity Distributions at Inlet of an Axial Flow 
Impeller [1]; Best Efficiency at <f>am = 0. 191. 
independent of the number of blades, as illustrated in Figure 
4[2]. 
The inlet edge geometry has a strong effect on the critical 
flow rate, which becomes larger when the inlet edge at the hub 
is extended in the upstream direction [3, 4]. In any case, the 
critical flow rate is between 40 - 60% of the shockfree inlet 
flow rate for usual standard centrifugal impellers [3] (ref. 
Figure 5). 
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Figure 2. Velocity Triangles at Various Flows. 
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Figure 3. Meridional Inlet Velocity Near Hub and Tip of 
an Axial Flow Impeller for Various Blade Angles 13 [2]. 
CAVITATION IN IMPELLERS: INCIPIENCE, 
DEVELOPMENT AND EFFECT ON 
PERFORMANCE 
When the available NPSH (Net Positive Suction Head) is 
reduced to a certain value, cavitation begins to occur on the 
impeller blade surface, its location and extent varying with the 
flow rate. Figure 5 [4, 5, 6] shows the incipient cavitation 
parameters against flow rates for centrifugal, mixed and axial­
flow impellers, where: 
A : cavitation parameter = 2gH5)(w12 + vo2) 
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an Axial Flow Impeller for Various Number of Blades Z 
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Figure 5. Cavitation Parameter for Inception and 1% 
Head Drop [4, 5, 6]. 
g : gravitational acceleration 
H,v : NPSH 
w1 : relative inlet velocity just after the blade inlet 
v0 : meridional inlet velocity just before the blade inlet 
<J>1 : inlet flow coefficient = v1/u1 
v1 : meridional inlet velocity just after the blade inlet 
u 1 : blade peripheral velocity at the inlet tip 
In this study, cavitation is classified according to its region of 
occurrence as stated below; 
K 1: cavitation occurring at the leading edge on the suction 
side of the blade 
K2: cavitation occurring at the leading edge on the pres­
sure side of the blade 
In the over-flow range (<!>1>0.34), the flow enters the 
impeller with a negative angle of incidence. That is, the flow 
hits the suction surface of the blades, and cavitation occurs first 
on the pressure side of the blade (Figure 6i). At a reduced 
NPSH, cavitation is also observed on the suction surface. 
On the contrary, in the partial flow range (<!>1<0.34), the 
flow comes into the impeller with a positive angle of incidence. 
This causes cavitation to occur on the blade suction surface first 
(Figure 6ii). Cavitation in the tip clearance zone of the blades is 
not discussed because it does not significantly affect the per­
formance of the impeller; however, cavitation in this region can 
occur. 
(a) A = 1.2 (b) A == 0.6 
Figure 6i. Cavitation Aspects; <l>z = 0.476 
(a) A = 0.54 (b) A = 0.37 
Figure 6ii. Cavitation Aspects; <J>1 = 0.241 
At the critical flow, <!>1 = 0.17 (for the mixed-flow impel­
ler), the A curve shows a break-off point resulting from the 
occurrence of inlet reverse flow. Above this flow rate, cavita­
tion originates at the outermost part of the blade inlet edge. 
Below the critical flow, cavitation starts at a point between the 
outermost part and the root of the inlet edge. The occurrence 
of cavitation is prevented near the peripheral part of the 
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impeller inlet, because it is occupied by the reverse flow which 
causes a higher pressure in this region. Furthermore, cavita­
tion arises in the sheared layer between the out-coming peri­
pheral reverse flow and the central inlet flow. The cavitation in 
this zone is not steady but intermittent and closely resembles 
"lightning bolts" (Figure 6iii). 
(a) A = 0.54 (b) A = 0 .26 
(c) A = 0.23 
Figure 6iii. Cavitation Aspects; <1>1 = 0. 123 
With the development of cavitation, choking begins in the 
passage between the impeller blades (Figure 7), thus decreas­
ing the pump total head. The A values for the 1% head-drop 
points are shown in Figure 5. In the case of the mixed-flow 
impeller, the head-drop curve runs almost parallel to the 
incipient cavitation curves. 
In the case of the centrifugal impeller, the total head 
within the over-flow range begins to drop at almost the same A 
values as in the case of the mixed-flow impeller. Within the 
partial flow range, however, the pump head does not drop 
even under a marked development of cavitation and there is 
quite a difference between the two curves, incipient cavitation 
and l% head drop curves, especially at reduced flow rates. 
This difference tends to be more significant as the pump head 
increases because the blade passage becomes longer and it 
becomes more difficult for the pump head to be affected by the 
cavitation. 
The A characteristics discussed above are determined by 
the blade inlet angle, and not by the flow rate of the best 
efficiency point (b.e.p.). This means that the A characteristics 
Figure 7. Cavitation Aspects, <1>1 = 0.34, A = 0.127. 
can be adjusted independently of the bep flow rate. This is also 
the reason why the required NPSH remains unchanged for 
centrifugal impellers even when the best efficiency point is 
moved towards smaller capacities by cutting the impeller 
outlet diameter (Figure 9 [7]). 
HIGH SUCTION PERFORMANCE IMPELLER 
There are several methods of improving the suction per­
formance of pumps. The following are the most commonly 
utilized and effective means: 
1. Decreasing the incipient cavitation parameter, that is, 
sharpening the inlet edges of the blades [5], and, 
2. Broadening the blade passages to lessen their suscepti-
bility to being choked by cavities by: 
i) Decreasing number of blades [5], 
ii) Increasing blade inlet angle, or 
iii) Increasing impeller inlet diameter [8]. 
Method l is commonly applied to the standard design of 
pump impellers. Method 2 (i) is most effectively used in the 
design of two or three-blade inducers. 
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Figure 8. Effects of Sharpened Blade Inlet Edges on 
Suction Performance of a Mixed Flow Impe ller; Impeller 
Inlet Diameter: 235 mm, Spee d of Rotation: 1200 min -1. 
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When Methods 1 and 2 (i) are applied to a centrifugal 
impeller design, the inlet blade angle does not change at all 
and, thus, the shock-free inlet flow and the initial recirculation 
flow (Qr) remains unchanged. 
Figure 8 shows the effects of the sharpened inlet edges on 
the suction performance of a mixed flow impeller [5], where, 
vofu1 : refer to notation for Figure 5, and 
S : suction specific speed (m/min). 
The maximum suction specific speed was obtained near the 
b. e. p. flow and it exhibited an impressive increase from 1750 
to 2400 (m/min) (from 11700 to 16000 (gaVft/min)) due to the 
sharpened inlet edges; at the same time there was still no 
increase in the initial inlet recirculation flow. 
Krisam' s results (Figure 9) [7] certify the validity of Meth­
od 2 (ii). The trimmed impeller produces a higher suction 
specific speed at b.e.p., because the blade inlet angle becomes 
larger in comparison with the inlet flow angle at b. e. p. As seen 
in Figure 9, there is a possibility of improving the suction 
specific speed to about 2000 (m/min) (13300 (gaVft!min)) by 
enlarging the blade inlet angle, resulting in the initial inlet 
recirculation flow coming nearer to the b.e.p. flow. 
Where the blade inlet angle is increased, the shock-free 
flow, and hence, the initial recirculation flow inevitably in­
crease. In an extreme case, the inlet reverse flow may be 
observed even at the b.e.p. while the pump is still showing 
very good suction performance [9]. 
As for Method 2 (iii): increasing the impeller inlet diame­
ter, which is also commonly used in the design of centrifugal 
impellers, does not necessarily increase the shock-free inlet 
flow, as the blade inlet angle is independent of the inlet 
diameter. When the inlet angle is decreased as a result of 
increasing the inlet diameter, the shock-free inlet flow can be 
kept the same, and the suction performance can be improved 
without increasing the initial inlet recirculation flow. 
In short, all the methods for obtaining higher suction 
performance do not increase the initial inlet recirculation flow, 
unless the blade inlet angle is made too large for the pump 
b.e.p. flow. 
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Figure 9. Cavitation Test on a Centrifugal Pump with 
Various Impeller Outlet Diameters D2 [7]; Rotational 
Speed n = 2000 min-1; 'T] : Overall Efficiency; 'TJmax: 
Maximum ofTJ; S: Suction Specific Speed (mlmin). 
INLET RECIRCULATION AND 
ALLOWABLE OPERATION RANGE 
The inlet reverse flow returns unsteadily to the suction 
pipe at a very high velocity, which is about the same as the 
peripheral speed of impeller eye. Sometimes it can bring about 
very severe pressure pulsation and vibration [10]. For this 
reason, the initial recirculation flow is often taken as the 
minimum continuous flow for centrifugal pumps. 
Figure 10 [4] shows the results of cavitation tests on two 
centrifugal impellers with the same outlet dimensions. Impel­
ler A is the normal impeller and Impeller D has inlet edges 
which extend further in the upstream direction than Impeller 
A. This causes impeller D to have a larger initial recirculation 
flow (Q = 4.6 m3/min) than Impeller A (Q = 2.9 m3/min). It 
also shows NPSH values for the inception of cavitation that are 
smaller than those of Impeller A over the whole flow range 
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Figure 10. NPSH for Cavitation Inception Based on 1% Head 
Drop [4]; Inlet Diameter, D, = 200 mm. 
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with the exception of Q = 4 - 6.2 m3/min. Moreover, it 
should be noted that Impeller D gives much lower NPSH 
values for inception than Impeller A at partial flows. It may be 
safely concluded that a higher initial recirculation flow does not 
always bring about lower suction performance. 
Figure 11 gives the results of noise measurements on a 
mixed-flow impeller that were carried out at a constant availa­
ble NPSH. At Q = 6.8 m3/min the noise level shows a break­
off, indicating the onset of the inlet recirculation. Actually, the 
noise level is much smaller in the flow range below the initial 
recirculation point than in the flow range above it. 
The noise characteristics also indicate that it may not 
necessarily limit the allowable operation range to the flow rate 
above the initial recirculation capacity. 
dB 
100�------+-------4-------�--� 
0 5 10 15 3 
Flow rate Q I1Jmin. 
Figure 11. Noise Level (SPL) of a Mixed Flow Pump; 
Rotational Speed; n = 800 min -l, Specific Speed n8 = 
560 (m!min), NPSH = 11 m, Inlet Diameter D1 = 250 
mm. 
As indicated in Figure 1, the peripheral velocity compo­
nent (x,) of the reverse flow increases considerably as the flow 
rate decreases. This causes a notable increase in the energy 
transferred to the reverse flow which raises the level of noise. 
However, the energy imparted to the reverse flow is consider­
ably small in the flow range near the initial recirculation point 
and allows the pump to be operated in this flow range. 
After all, the minimum continuous flow should be deter­
mined by evaluating all the factors which will affect the pump 
operation, including not only the initial recirculation flow but 
also the energy received by the reverse flow. 
CONCLUSION 
The extent and location of cavitation in centrifugal impel­
lers vary with the flow rate. Therefore, a meaningful under­
standing of pump cavitation requires some knowledge of the 
velocity distribution at the impeller inlet. 
This paper has pointed out that higher suction perform­
ance does not always cause a higher initial recirculation flow, 
and that the minimum continuous flow should be determined 
taking into account all the factors affecting the pump operation, 
including the energy received by the inlet reverse flow. 
In addition, inlet blade angle is the controlling factor for 
altering the initial inlet reverse flow during pump design. 
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